Introduction
Chlamydiae are intracellular bacterial pathogens that cause a spectrum of clinically important diseases in humans. Chlamydia trachomatis is the most common cause of sexually transmitted disease, and is the causative agent of trachoma, the leading cause of preventable blindness (1) . Moreover, chlamydial genital tract infection is an important risk factor for HIV transmission (2, 3) . Chlamydia psittaci , which predominantly infects animals and causes a variety of respiratory, gastrointestinal, and urogenital diseases, also can cause pneumonia in humans (4) .
Chlamydial infection is initiated by the extracellular elementary body (EB) 1 which attaches to and invades epithelial cells at mucosal surfaces (5) . Within 8 to 12 h after invasion, EBs develop into the metabolically active reticulate bodies (RBs). RBs divide by binary fission inside a host-derived endosome that eventually occupies much of the host cell cytoplasm (then termed the chlamydial inclusion) (6) . RBs reorganize into EBs 18-30 h after invasion of host cells, and infected cells begin to lyse and release infectious EBs at 48-72 h postinfection (p.i.).
Little is known about the pathogenesis of acute human chlamydial infections, and our knowledge of acute infection has been derived largely from animal models. The host response to primary chlamydial infection at mucosal surfaces occurs within 1-2 d of infection and is characterized by inflammation and mucosal infiltration with neutrophils and small numbers of monocytes (7) . In animal models, the host response can control the infection, i.e., eliminate or substantially reduce the bacterial load (8) (9) (10) (11) . Both innate and acquired immunity appear to contribute to this outcome. Thus, neutrophils are recruited in large numbers to the site of infection, and are capable of killing accessible EBs, probably due to efficient fusion of lysosomes with Chlamydia -containing phagosomes, and release of myeloperoxidase and oxidants (12, 13) . In addition, T cells accumulate at the site of Chlamydia infection and play a critical role in controlling the infection (8, 14) , whereas B cells do not appear to be important for resolving infection in some models (15) . In most cases, the host response to primary infection is transient and not associated with long-term tissue damage (7) .
During reinfection or reactivation of a persistent infection, the initial inflammatory response occurs with a similar magnitude, whereas T cells infiltrate more rapidly and in larger numbers compared with the host response to a primary infection. The recurrent inflammatory reaction ultimately culminates in fibrosis and scarring, which can lead to blindness, tubal infertility, ectopic pregnancy, and chronic pelvic pain (10, 16) . The specific pathways that underlie this tissue damaging response to infection are not known. Chlamydial heat shock proteins have been proposed to be involved in inducing inflammation at the site of infection (17) , but this proposal is controversial (18, 19) .
Epithelial cells at mucosal surfaces can secrete chemoattractant and proinflammatory cytokines in response to infection with pathogenic bacteria, suggesting that these cells act as an early warning system for immune and inflammatory cells in the underlying mucosa (20) . The epithelial cytokine response to pathogenic bacteria depends on several factors, including the site of infection and the specific pathogen. For example, some noninvasive pathogenic bacteria, such as Pseudomonas aeruginosa (21, 22) , uropathogenic Escherichia coli (23) , and Helicobacter pylori (24, 25) , induce proinflammatory cytokine secretion by epithelial cells at sites that normally harbor few or no bacteria, e.g., lungs, bladder, and stomach. In contrast, bacterial invasion appears to be required for epithelial cytokine induction at sites which are physiologically exposed to an abundant bacterial flora, i.e., the colon, because only invasive bacteria induce cytokine secretion by colon epithelial cells (26) (27) (28) . Furthermore, toxins released by some pathogenic bacteria may play an additional role in inducing or modulating epithelial cytokine responses (29, 30) .
In the present studies, the concept of epithelial cells as an important component of the early host response to infection with pathogenic bacteria was applied to understanding the pathogenesis of chlamydial disease. We show that in vitro infection of cervical and colonic epithelial cells with Chlamydia induces the secretion of an array of proinflammatory cytokines that have chemoattractant and proinflammatory functions, including IL-8, GRO ␣ , GM-CSF, IL-6, and IL-1 ␣ . Moreover, in contrast to invasion by other bacteria that induce a rapid but transient proinflammatory cytokine response upon entry (26) , chlamydial invasion alone was not sufficient for this response. Rather, intracellular chlamydial growth was required, and the epithelial cytokine response was sustained throughout the chlamydial growth cycle. These findings suggest a new basis for understanding the mechanism of chlamydial pathogenesis, wherein the acute host inflammatory response to Chlamydia is mediated by the local production of proinflammatory cytokines from infected epithelial cells.
Methods
Chlamydial strains. C. trachomatis serovar L2/434/Bu was propagated in L929 suspension cultures, C. trachomatis serovars D/UW3/ Cx and I/UW12/Ur, and C. psittaci AP1 were propagated in L929 cell monolayers, as described previously (31) . Briefly, cultures were grown in RPMI growth medium (RPMI 1640 medium supplemented with 10% heat-inactivated FCS, 60 g/ml vancomycin, and 10 g/ml gentamicin) at 37 Њ C in 95% air/5% CO 2 . Cultures infected with C. trachomatis L2 or C. psittaci AP1 were grown for 48 h, and those infected with C. trachomatis serovars D or I for 72 h, before harvesting. Infected monolayers were detached by scraping, and then pelleted and sonicated to lyse the host cells. Cell debris was removed by differ-ential centrifugation as described previously (31) . Chlamydial EBs were pelleted, resuspended in isotonic sucrose-phosphate-glutamate buffer (31) , and frozen at Ϫ 80 Њ C. Infectious titers were determined by titration on L929 cell monolayers and staining with a FITC-labeled monoclonal antibody against chlamydial LPS (Meridian Diagnostics, Inc., Cincinnati, OH), and are expressed in inclusion-forming units (IFUs).
Cell lines and primary endocervical epithelial cells. The following human cell lines were obtained from the American Type Culture Collection (Rockville, MD): HeLa cervix epitheloid carcinoma cells (CCL 2), SiHa cervix squamous carcinoma cells (HTB 35), HT-29 colon adenocarcinoma cells (HTB 38), and SW620 colon adenocarcinoma cells (CCL 227). Cells were grown in RPMI growth medium at 37 Њ C in 95% air/5% CO 2 . The number of viable cells in the monolayers was determined by trypan blue dye exclusion following detachment of the monolayers from the culture plates with trypsin/EDTA.
Endocervix was obtained as discard material from hysterectomies performed for uterine leiomyomas of premenopausal women. Collection was approved by the Brigham and Women's Hospital Institutional Review Board. The majority of stromal tissue was removed from each specimen, and the tissue cut into 3 ϫ 3 mm 2 pieces. Explants were washed twice with HBSS containing gentamicin (1 g/ml) and amphotericin B (50 g/ml), and placed in 12-well plates with the epithelial side down. After a 30-min incubation period to allow attachment, serum-free keratinocyte growth medium (Clonetics, San Diego, CA) was added to the wells. Medium was replaced every 4 d, and epithelial cell outgrowth was seen within 7 d. When cultures were approximately 60% confluent (after 3-4 wk), cells were detached using trypsin/EDTA, and subcultured onto 13-mm glass coverslips in 24-well plates (Thermanox; Nunc, Inc., Naperville, IL). Infection experiments were performed 24-96 h after subculture when cells were approximately 80% confluent. The epithelial cell origin of the primary cultures was confirmed by staining with a cytokeratin-specific antibody (ICN Pharmaceuticals, Costa Mesa, CA), and the absence of leukocytes was verified by the lack of staining with an antibody specific for leukocyte common antigen, CD45 (Dako Corp., Carpinteria, CA).
Infection protocol. Epithelial cells were seeded into 24-well plates at a density of 1-2 ϫ 10 5 cells/well, and cultured for 24 h. Monolayers were washed twice with HBSS and infected with a range of inocula (0.02-1000 IFUs/cell in 200 l/well) diluted in isotonic sucrose-phosphate-glutamate buffer. Plates were placed on a rocker for 2 h at room temperature. The inoculum was aspirated, the monolayer was washed twice with HBSS, and 500 l growth medium was added to each well. Cultures were incubated at 37 Њ C for up to 5 d. In some experiments, supernatants were removed from parallel cultures at different times after infection to determine cumulative cytokine secretion. In other experiments, cytokine secretion from individual monolayers over 24-h periods was measured by replacing the supernatants with fresh media every 24 h. Supernatants were stored at Ϫ 80 Њ C until tested.
Cytokine assays. Cytokine concentrations in the culture supernatants were determined by ELISA. The following pairs of capturing and detecting antibodies were used: goat anti-human IL-8 (R & D Systems Inc., Minneapolis, MN) and rabbit anti-human IL-8 (Endogen, Inc., Cambridge, MA); goat anti-human GRO ␣ (R & D Systems) and monoclonal mouse anti-human GRO ␣ (R & D Systems); goat anti-human IL-6 (R & D Systems) and rabbit anti-human IL-6 (Endogen); goat anti-human IL-1 ␣ (R & D Systems) and monoclonal mouse anti-human IL-1 ␣ (Genzyme Corp., Cambridge, MA). As secondary antibodies, peroxidase-labeled goat anti-rabbit immunoglobulin ␥ and light chains (Biosource International, Camarillo, CA), and peroxidase-labeled goat anti-mouse IgG ( ␥ -chain specific; Sigma Chemical Co., St. Louis, MO) were used. The respective recombinant human cytokines were purchased from R & D Systems and were used as standards. The ELISAs for IL-8, GRO ␣ , IL-6, and IL-1 ␣ were sensitive to 30 pg/ml of the respective recombinant cytokine. The ELISA for human GM-CSF (Cytoscreen; Biosource International) was sensitive to 10 pg/ml. RNA extraction and reverse transcription (RT)-PCR analysis of cytokine mRNA levels. Total cellular RNA was extracted from epithelial cells using an acid guanidinium thiocyanate-phenol-chloroform method (28) . Qualitative RT-PCR analysis and quantitative RT-PCR analysis using internal RNA standards of mRNA levels for human IL-8, GRO ␣ , GM-CSF, IL-6, IL-1 ␣ , TGF ␤ 1, and ␤ -actin was performed as described previously (28) . This method was sensitive to Ͻ 10 4 mRNA molecules/ g total RNA.
Statistical analysis. The statistical significance of the differences in cytokine secretion from control and infected cultures was determined by two-tailed t test assuming unequal variances between groups. Significance levels are indicated in the figure and table legends.
Results

C. trachomatis infection induces IL-8 secretion by
HeLa cervical epithelial cells. Acute chlamydial infections are characterized by intense inflammation and infiltration of the mucosa predominantly with neutrophils, but also other inflammatory cells (7) . Little is known about the signals responsible for this response. We asked whether chlamydial infection of epithelial cells, which are the major targets of infection, induces the production and secretion of chemoattractant and proinflammatory cytokines by the infected cells. HeLa epithelial monolayers were infected with C. trachomatis , and cultured for up to 5 d to encompass at least one entire cycle of chlamydial development. The initial studies focused on the potent neutrophil chemoattractant IL-8. Infection of HeLa cells with C. trachomatis increased IL-8 secretion by Ͼ 50-fold compared with mock infected control cells ( Fig. 1 A ) . Increased levels of IL-8 in the culture supernatants were first detected 20-24 h p.i., reached a maximum 3 d p.i., and remained elevated thereafter. Moreover, infection with as few as 1 IFU C. trachomatis per 10 epithelial cells increased IL-8 secretion when measured 3 d after infection ( Fig. 1 B ) . In contrast, no increase in IL-8 secretion was detected early after infection (6-10 h p.i.), even if a high multiplicity of infection was used, e.g., up to 1,000 IFUs/ cell ( Fig. 1 B ) .
The time course of the epithelial IL-8 response to C. trachomatis depends on the infectious dose. Because cumulative IL-8 secretion reached a maximum 3 d after C. trachomatis infection and cell lysis began to occur at this time, the relation of IL-8 secretion rates to the number of viable cells in the infected cultures was characterized. For these experiments, culture supernatants were harvested and replaced every 24 h for 4 d after infection, and IL-8 concentrations were determined for each 24-h period. In parallel, the number of viable cells present in the monolayers was determined at the end of each 24-h period. As shown in Fig. 2 , most of the increase in IL-8 secretion occurred before substantial cell lysis was noted. At later times after infection ( Ͼ 3 d), IL-8 secretion decreased and this was paralleled by lysis of the majority of host cells, suggesting that the decrease in IL-8 secretion was caused by the decrease in the number of viable cells in the infected monolayers.
The time course of increased IL-8 secretion and cell lysis was dependent on the dose of C. trachomatis in the inoculum ( Fig. 2 A ) . At the highest inoculum used ( ‫ف‬ 2 IFUs/cell), maximal IL-8 secretion was observed 2 to 3 d p.i., whereas at the lowest inoculum (approximately 0.02 IFUs/cell), increased IL-8 secretion was not observed until after 3 d after infection, and maximal IL-8 secretion not until the end of the 4-d observation period. Despite a trend towards earlier IL-8 secretion at higher inocula, no increase in IL-8 secretion was observed early after infection (6-10 h p.i.), even at very high inocula ( Fig. 1 B ) . In contrast to the effect of the inoculum dose on the time of maximal IL-8 secretion, the inoculum dose had a minor effect on the maximal levels of IL-8 secretion observed during the 4-d period of the experiment, because these were comparable at the three inoculum doses tested, i.e., over a 100-fold inoculum range ( Fig. 2 A) .
Increased secretion and mRNA levels of an array of proinflammatory cytokines in HeLa cervical epithelial cells infected with C. trachomatis. We next asked whether proinflammatory cytokines other than IL-8 were upregulated in response to C. trachomatis infection of epithelial cells. As shown in Table I , infection of HeLa cells with C. trachomatis increased secretion of GRO␣, GM-CSF, and IL-6 by Ͼ 70-fold compared with controls, as determined 3 d after infection. Moreover, a threeto fourfold increase in the levels of IL-1␣ was also detected in the supernatants of C. trachomatis-infected HeLa cells. In-creased secretion of IL-8, GRO␣, GM-CSF, IL-6, and IL-1␣ in response to C. trachomatis infection was accompanied by increased mRNA levels for these cytokines, as determined 2 d after infection of HeLa cells with 1 IFU/cell (Table II ). In contrast, mRNA levels for TGF␤1, a cytokine with known antiinflammatory activity (32) , and the housekeeping gene ␤-actin were not affected, or decreased, after chlamydial infection of HeLa cells (Table II) . As shown in a time course analysis, mRNA levels for IL-8 and IL-1␣ increased within 24 h after infection of HeLa cells, and reached a maximum 2 d after infection ( Fig. 3) .
Different chlamydial strains induce IL-8 secretion by various cultured human cervical and colon epithelial cell lines. In addition to C. trachomatis L2, we tested the ability of two other C. trachomatis strains representative of another C. trachomatis biovar (serovars I and D) and of C. psittaci (AP1) to induce IL-8 secretion by HeLa epithelial cells. As shown in Ta- ble III, all four chlamydial strains induced a Ͼ 20-fold increase in IL-8 secretion by HeLa cells. Furthermore, the IL-8 response to C. trachomatis was not limited to HeLa cells, because SiHa cervical epithelial cells also secreted increased levels of IL-8 following infection. Because Chlamydia infection can cause proctitis, a colon epithelial cell line (HT-29) was tested. As shown in Table III , HT-29 cells also responded to C. trachomatis infection with increased IL-8 secretion, although the relative increase was lower than that observed for HeLa and SiHa cells. Thus, the cytokine response to chlamydial infection is a conserved feature among different chlamydiae, as well as the three epithelial cell lines tested. Extracellular chlamydial LPS is not responsible for increased epithelial cytokine secretion following Chlamydia infection. Increased IL-8 secretion in response to chlamydial infection could be caused by the extracellular presence of Chlamydia, i.e., mediated by chlamydial cell wall components such as LPS, or by events associated with chlamydial invasion, or may require later events in the chlamydial life cycle involving bacterial protein synthesis and growth. To address the possibility that the extracellular presence of chlamydial LPS was responsible for the induction of IL-8, the colon epithelial cell line SW620 was used, which was previously shown to respond to relatively low levels of LPS with increased IL-8 secretion (33). Monolayers of SW620 cells that were infected with approximately 4 IFUs/cell of viable C. trachomatis L2, and incubated for 24 h, showed a sixfold increase in IL-8 secretion (2.26 ng IL-8/ml after C. trachomatis infection, 0.36 ng IL-8/ml in uninfected controls). In contrast, when the same inoculum was heat inactivated at 75ЊC for 10 min before coculture, a treatment which interferes with bacterial invasion but does not affect chlamydial LPS (34, 35) , IL-8 secretion by SW620 monolayers did not increase (0.36 ng IL-8/ml after addition of heat-treated C. trachomatis, 0.36 ng IL-8/ml in controls). Furthermore, no increase in IL-8 secretion by SW620 cells was observed after addition of up to an equivalent of 100 IFUs/cell of heat-inactivated C. trachomatis. As a positive control, LPS from E. coli O111 efficiently induced high levels of IL-8 secretion by SW620 cells (14.41 ng IL-8/ml after stimulation with 100 ng/ml LPS for 24 h, 1.39 ng IL-8/ml after stimulation with 1 ng/ml LPS, and 0.32 ng IL-8/ml in control cultures).
Bacterial protein synthesis is required for the induction of IL-8 by epithelial cells following chlamydial infection. To determine whether bacterial protein synthesis is required for the epithelial IL-8 response, epithelial monolayers were infected with Chlamydia for 2 h to allow invasion to occur, and treated with chloramphenicol to inhibit bacterial protein synthesis, growth, and replication (36) . Chloramphenicol prevented the increase in IL-8 secretion from HeLa cells infected with C. trachomatis or C. psittaci (Fig. 4) , and from HT-29 cells infected with C. trachomatis (C. trachomatis-infected 3.5Ϯ0.2 ng IL-8/ ml, C. trachomatis-infected ϩ chloramphenicol 1.0Ϯ0.1 ng/ml, controls 0.6Ϯ0.1 ng/ml; supernatants were harvested 48 h after infection, data are meanϮSD of triplicate cultures). In contrast, chloramphenicol had no effect on increased IL-8 secretion following IL-1␣ stimulation of HeLa cells (data not shown).
We next asked whether differentiation of Chlamydia from RBs to EBs is important for IL-8 induction, because maximal IL-8 secretion was observed 2-3 d after infection, a time period that coincides with the condensation from RBs to EBs, as well as maximal bacterial growth and metabolic activity. Penicillin inhibits RB division and RB to EB differentiation, but has no known effect on RB metabolism (37, 38) . As shown in Fig. 4 , addition of penicillin to freshly infected HeLa monolayers had little effect on the IL-8 response of these cells to C. psittaci and only slightly delayed the IL-8 response following C. trachomatis infection. Similarly, the IL-8 response of HT-29 cells to C. trachomatis was only minimally affected by penicillin (C. trachomatis-infected 3.5Ϯ0.2 ng IL-8/ml, C. trachomatis-infected ϩ penicillin 2.5Ϯ0.2 ng/ml, controls 0.6Ϯ0.1 ng/ml; supernatants were harvested 48 h after infection, data are meanϮSD of triplicate cultures). In summary, the epithelial IL-8 response to Chlamydia is independent of extracellular LPS, and is chloramphenicol-sensitive and penicillin-insensitive, suggesting that metabolism and growth of RBs, but not RB division and RB to EB differentiation, are required for this response, and that events subsequent to invasion of the host cellular RNA were reversetranscribed, and amplified by PCR for 32-34 cycles, as appropriate to maximize the differences between samples. One-sixth vol of each PCR reaction was size-fractionated on a 1% agarose gel, which was stained with ethidium bromide, and photographed. As a control, RNA was omitted from reverse transcription and PCR amplification. (B) Quantitative RT-PCR analysis. mRNA levels for IL-8 (᭹), IL-1␣ (᭺), and ␤-actin (᭢) were determined by quantitative RT-PCR using internal RNA standards, and are expressed as a ratio of the mRNA levels in C. trachomatis-infected cells to the levels in uninfected control cells. The absolute values of the mRNA levels for IL-8, IL-1␣, and ␤-actin in control cells are shown in Table II. cells are essential for eliciting increased epithelial IL-8 expression and secretion.
Increased cytokine secretion by Chlamydia-infected epithelial cell lines is partly mediated by the cellular release of IL-1␣.
Chlamydial growth causes lysis of the host cells 2-5 d after infection, and previous studies have shown that HeLa and other epithelial cells contain preformed bioactive IL-1␣ that can be released upon cell lysis (39) . Because IL-1␣ is a potent stimulus for IL-8 secretion, the possibility was tested that the observed induction of IL-8 and other cytokines after chlamydial infection is mediated by the release of IL-1␣. HeLa, SiHa, or HT-29 cells were infected with 1 IFU/cell C. trachomatis L2 and cultured for up to 4 d. During this time, the supernatants were replaced every 24 h with fresh media containing anti-IL-1␣ or control antibodies. As shown in Fig. 5 , addition of anti-IL-1␣ inhibited up to 85% of the increase in IL-8 secretion by HeLa and SiHa cells following chlamydial infection compared with Chlamydia-infected control cultures containing no added antibodies, or antibodies of irrelevant specificity. The anti-IL-1␣-mediated inhibition of IL-8 secretion was observed within 24 h after infection, and the relative magnitude of the inhibition was similar throughout the 4-d period of the experiment (Fig. 5 , and data not shown). In control experiments, an identical concentration of anti-IL-1␣ to that used in the experiments with Chlamydia-infected cultures completely inhibited (Ͼ 99%) the increase in IL-8 secretion by HeLa and SiHa cells following stimulation with 1 ng/ml IL-1␣. Furthermore, addition of anti-IL-1␣ inhibited Ͼ 95% of the increase in the secretion of GRO␣, GM-CSF, and IL-6 following infection of HeLa cells with C. trachomatis (data not shown), indicating that the release of IL-1␣ from infected cells played an important role in the Chlamydia-induced induction of all of the cytokines tested. In contrast to the findings in HeLa and SiHa cells, addition of anti-IL-1␣ did not inhibit increased secretion of IL-8 ( Fig.  5 ) and GRO␣ (data not shown) by Chlamydia-infected HT-29 cells. Nonetheless, IL-1␣ stimulation of HT-29 cells increased IL-8 secretion 500-fold, indicating that these cells are IL-1␣ responsive, and addition of anti-IL-1␣ antibodies completely blocked this response (data not shown). These findings are consistent with previous observations that HT-29 cells neither contain IL-1␣ (39) nor express IL-1␣ mRNA, as determined by RT-PCR (28) . The lack of IL-1␣ expression in HT-29 cells may explain why the relative increase in IL-8 secretion by HT-29 cells infected with optimal doses of C. trachomatis was lower than that of HeLa or SiHa cells, because the amplifying effect of IL-1␣ release on IL-8 secretion is absent in HT-29 cells. Of note, all three cell lines displayed a similar susceptibility to Chlamydia infection, as determined by the ability of identical Chlamydia inocula to form inclusions in these cells (data not shown). Taken together, the data indicate that the increase in epithelial IL-8 secretion following chlamydial infection is mediated by at least two mechanisms, one involving IL-1␣ release and one independent of IL-1␣.
Increased IL-8 secretion by primary endocervical epithelial cells in response to C. trachomatis infection. To verify that the IL-8 response to C. trachomatis was not limited to transformed epithelial cell lines, primary human epithelial cell cultures were established from normal endocervix, and infected with C. trachomatis. As shown in Table IV , IL-8 secretion by primary endocervical epithelial cells increased 1.5-to 3.4-fold after C. trachomatis infection. In experiments which showed a relatively lower increase in IL-8 secretion after infection, the levels of IL-8 secretion by control cells tended to be greater than those in control cells in experiments in which greater IL-8 induction was observed (compare experiments 1 and 2, subject 3 in Table IV , and data not shown). Thus, maximal IL-8 levels after C. trachomatis infection were similar in most experiments, while IL-8 secretion in control cultures was more variable between experiments. Stimulation of primary endocervical epithelial cell cultures with a combination of the agonists IL-1␣ and TNF␣ increased IL-8 secretion by 1.7-to 10.9-fold (Table IV ), suggesting that IL-8 secretion by control cultures was relatively close to maximal in some cases. The findings in primary endocervical epithelial cells are consistent with the observations in the cervical epithelial cell lines, although the relative magnitude of the IL-8 response to C. trachomatis was lower in the primary cells due to a higher level of background secretion in the control cultures. The lower relative magnitude of the IL-8 response in infected primary epithelial cell monolayers may also be related to the finding that only 10-30% of cells contained chlamydial inclusions, whereas in HeLa cell monolayers infected with C. trachomatis under comparable conditions Ͼ 90% of cells had chlamydial inclusions.
Primary endocervical epithelial cells contain bioactive IL-1␣ that is released following C. trachomatis infection. The studies with transformed cervical epithelial cell lines indicated that release of IL-1␣ is an important mechanism by which the IL-8 response of these cells is amplified following C. trachomatis in- fection. Therefore, we asked whether primary endocervical epithelial cells also contain bioactive IL-1␣. As shown in Table  V , lysates from primary endocervical epithelial cells induced IL-8 secretion by HeLa cells, and this activity was completely blocked by addition of anti-IL-1␣. Furthermore, supernatants from C. trachomatis-infected primary endocervical epithelial cells increased IL-8 secretion by HeLa cells, and the increase was blocked by anti-IL-1␣ (Table V) , indicating that bioactive IL-1␣ was released from primary endocervical epithelial cells during infection with C. trachomatis. Supernatants from uninfected primary control cultures also increased IL-8 secretion by HeLa cells, although to a much lesser extent than supernatants from infected cells. The IL-8-inducing activity in control supernatants also was blocked by anti-IL-1␣, indicating that the relatively high level of IL-8 secretion in primary control cultures (Table IV) may be related to the spontaneous release of IL-1␣.
Discussion
Chlamydial infections are characterized by intense and persistent local inflammation that is exacerbated upon reinfection, ultimately leading to tissue damage and scarring. The mechanisms which elicit this response are unknown, but an understanding of this process is central to the prevention and mitigation of disease. The findings presented here suggest a novel concept for chlamydial pathogenesis wherein the acute host response to Chlamydia in the genital tract, and at other mucosal surfaces, is primarily initiated and sustained by epithelial cells, the first and main targets of chlamydial infection. As shown herein, Chlamydia-infected epithelial cells expressed and secreted increased levels of the chemokines IL-8 and GRO␣, as well as the cytokines GM-CSF, IL-1␣, and IL-6. Several of these cytokines are potent chemoattractants and activators for neutrophils, monocytes, and T lymphocytes (40) , while others have pleiotropic effects on cell functions associated with acute inflammation, including the induction of adhesion molecules on endothelial cells, the secretion of additional proinflammatory cytokines by macrophages and other cells, and the induc-tion of acute phase proteins in epithelial cells and macrophages (41, 42) . Thus, the array of cytokines produced by epithelial cells after chlamydial infection is consistent with the nature of the host inflammatory response in vivo.
In addition to the epithelial proinflammatory cytokine response, other mechanisms may be involved in the innate immune response to Chlamydia. For example, chlamydial EBs are chemotactic for neutrophils which, in part, is due to activation of the neutrophil chemoattractant C5a (43) . In addition, chlamydial LPS can stimulate proinflammatory cytokine secretion by macrophages (44) . However, chlamydial LPS is much less potent than LPS of other gramnegative bacteria (44, 45) , macrophages typically are not a major target of Chlamydia infection, and epithelial cells of the genital and gastrointestinal tracts often are poorly responsive to LPS (26, 33) . The conclusion that chlamydial LPS is not important in eliciting the production of proinflammatory cytokines from epithelial cells is further supported by the present finding that an epithelial cell line, SW620, known to be LPS-sensitive (33) failed to respond to high doses of heat-inactivated Chlamydia.
The time course of cytokine induction following chlamydial infection was considerably delayed compared to that found previously for infection of epithelial cells with other invasive bacteria (26) , suggesting that different mechanisms are involved. No increase in cytokine secretion was detected during the first 8 h after chlamydial infection, induction of maximal secretion required at least 48 h, and high-level secretion persisted throughout the bacterial growth cycle (up to 4 d). In contrast, cytokine secretion following infection with Salmonella increases within 90 min after infection, reaches maximal levels at 3 h, and decreases rapidly thereafter (26) . Consistent with the rapid cytokine response to Salmonella and other invasive bacteria, which use different invasion strategies, host cell responses closely associated with bacterial invasion appear to be crucial for the epithelial cytokine response to these bacteria (26) . The relatively delayed induction of cytokine secretion, and the absence of increased cytokine secretion by Chlamydiainfected cells treated with chloramphenicol, indicate that chlamydial invasion alone is not responsible for the epithelial cytokine response, although invasion is required for the development of subsequent stages of the chlamydial life cycle. Chlamydial invasion of host cells seems to differ fundamentally from the invasion strategies used by other bacterial pathogens in that it appears to be silent and does not induce cellular signaling pathways that lead to a rapid increase in the expression of proinflammatory cytokines. The silent invasion by Chlamydia was not due to an inhibitory effect of Chlamydia, because IL-1 or TNF␣ stimulation of Chlamydia-infected HeLa epithelial cells increased IL-8 secretion to levels comparable with those in agonist-stimulated uninfected control cells (data not shown). The lack of cytokine induction during chlamydial invasion may not be related to a particular invasion strategy, but to the size of the invading organism, which, at 300 nm diameter, is considerably smaller than that of the bacteria tested in previous studies (26) (27) (28) 46) . IL-1␣ released from Chlamydia-infected cells was an important agonist for proinflammatory cytokine secretion by the cervical epithelial cell lines. A similar role for IL-1␣ has been reported in the induction of the proinflammatory cytokine response of cultured epithelial and stromal cells to the cytolytic protozoan parasite Entamoeba histolytica (39) , and for the endothelial cell response to Rickettsia conorii (47) . Whereas E. histolytica causes cell lysis of infected monolayers and release of preformed cellular IL-1␣ within 2-4 h after infection, that is paralleled by the increased secretion of proinflammatory cytokines (39), cell lysis following chlamydial infection is relatively slow and requires several days to occur. This suggests that, in the case of Chlamydia infection, the release of IL-1␣ through cell lysis is important for increased cytokine production mainly at the later stages of the chlamydial infection. However, inhibition of IL-1␣ activity blocked IL-8 secretion to a similar extent throughout the course of the chlamydial infec-tion cycle, indicating that IL-1␣ release may be important for inducing IL-8 secretion as early as 24 h after Chlamydia infection. It is possible that mature IL-1␣ is secreted by viable cells early after infection in the absence of cell lysis. Alternatively, some Chlamydia-infected cells may lyse more rapidly than others and release cytoplasmic IL-1␣ precursor relatively early after infection. In either case, IL-1␣ is bioactive because the cytoplasmic precursor and the secreted form of IL-1␣ have comparable specific activities (48) .
IL-1␣ was not the only stimulus responsible for increased IL-8 secretion in response to chlamydial infection, because IL-8 secretion also was seen in the absence of IL-1␣ release. Thus, HT-29 colon epithelial cells secreted IL-8 following infection, but these cells neither express IL-1␣ mRNA nor contain IL-1␣ (28, 39) . Together with the inability of anti-IL-1␣ to completely block IL-8 production in Chlamydia-infected HeLa or SiHa cells, this suggests that infected epithelial cells secrete IL-8 in direct response to the intracellular presence of Chlamydia. The cellular signaling pathways underlying this response are not known, but some second messenger systems in host cells appear to be directly activated by chlamydial infection, because specific host cell proteins become phosphorylated rapidly after chlamydial infection (49) . Alternatively, the production and accumulation of bacterial metabolites may be important for inducing epithelial cytokine synthesis, a possibility that would be consistent with the requirement for chlamydial metabolism for the induction of the epithelial cytokine response.
Primary endocervical epithelial cells, like the cervical epithelial cell lines, responded to chlamydial infection with increased IL-8 secretion and the release of bioactive IL-1␣. However, the relative magnitude of the increase in IL-8 secretion in response to C. trachomatis infection was lower in the primary cells than in the transformed cell lines, reflecting a rel- *Confluent HeLa cell monolayers in 96-well plates were stimulated for 1 h with cell lysates or supernatants from primary endocervical epithelial cell cultures (50 l/well). Cultures were washed three times, and further incubated for 4 h with fresh medium (75 l/well). IL-8 concentrations in the supernatants were determined by ELISA. Results are meansϮSD of the results of triplicate cultures. Preliminary experiments had shown that a 1 h prestimulation period with IL-1␣ is sufficient to obtain maximal IL-8 secretion in the subsequent 4 h culture period whether or not IL-1␣ was present during the 4-h period. ‡ To obtain cell lysates from primary endocervical epithelial cells, cultures were established as described in Methods, and subconfluent monolayers in 24-well plates were scraped off into 1 ml medium, and sonicated for 5 s on ice. Lysates were used at 25% final concentration. Supernatants (SN) from C. trachomatis-infected and uninfected control cultures were obtained as described in the legend to Table IV , and were used at 25% final concentration. IL-1␣ was used at 1 ng/ml, and TNF␣ was used at 2 ng/ml. § Subject and experiment numbers correspond to those in Table  IV . ʈ Goat antibodies against human IL-1␣ or TNF␣, or normal goat IgG as a control, were added to supernatants or cell lysates at 25 g/ml. The mixtures were incubated for 30 min at room temperature, and used to stimulate HeLa cell monolayers. ¶ None of the control Ig values is significantly different from the respective no inhibitor controls (P Ͼ 0.05). **Values are significantly different from the respective no inhibitor controls (P Յ 0.05).
atively high level of IL-8 secretion in the control cultures. It appears unlikely that endocervical epithelial cells in vivo constitutively secrete high levels of IL-8, because the normal endocervical mucosa does not contain large numbers of neutrophils. Constitutive IL-8 secretion by cultured control endocervical epithelial cells may simply reflect the culture conditions, as suggested by the finding that supernatants of control cultures contained bioactive IL-1␣. Nevertheless, increased release of IL-1␣ from primary endocervical epithelial cells after Chlamydia infection could induce epithelial cytokine production and the production of proinflammatory cytokines by cells, such as macrophages and fibroblasts, in the underlying mucosa. The increased production of proinflammatory cytokines by epithelial cells in response to chlamydial infection likely is important for recruiting inflammatory cells to the site of infection. The resulting inflammation presumably would have both protective and deleterious effects, because the inflammatory response can help to resolve the infection as well as contribute to fibrosis and tissue scarring (50) . An important, yet unresolved, question is whether mitigation of the epithelial cytokine response, and the ensuing acute inflammation, would decrease the damaging sequelae of chlamydial infection or, alternatively, promote the spread of infection and increase tissue damage in the host. The epithelial cytokine response to Chlamydia infection reported herein offers a new perspective in understanding chlamydial pathogenesis, because it can explain acute inflammation, as well as the inflammation in repeated infections. A corollary of these findings is that vaccination directed towards developing serum antibodies and antigen-specific T lymphocytes against Chlamydia may not prevent acute inflammation, because the epithelial cytokine response would not be diminished unless the vaccine prevented initial epithelial cell infection. This may, at least in part, explain the outcome of chlamydial vaccination trials, in which vaccination did not prevent mucosal inflammation and, in some cases, was associated with more severe disease following chlamydial reinfection (16) .
